We report the study on superconducting pairing mechanism of FeSe via the pair-breaking effects induced by H + -irradiation combined with low-temperature specific heat measurements. A multigap structure with nodes or gap minima is suggested in a clean FeSe by the specific heat results. The suppression of critical temperature Tc with increasing the defect density manifests a two-step behavior. When the increase in the residual resistivity is small, ∆ρ0 < ∼4.5 µΩcm, Tc is gradually suppressed with increasing the density of scattering centers, suggesting the presence of symmetryunprotected nodes or gap minima. However, for ∆ρ0 > ∼4.5 µΩcm, Tc is almost independent of the scattering, which indicates that the nodes or gap minima are lifted and the order parameter becomes almost isotropic without sign change. Thus, the superconductivity in FeSe is found to be realized in symmetry-unprotected nodal or highly anisotropic s++ state.
FeSe has attracted much attention because it is an intriguing candidate for both searching for hightemperature superconductivity (SC) and probing the superconducting mechanism. Although the initial T c in FeSe is below 10 K [1] , it can be easily enhanced up to 37 K under pressure [2] and over 40 K by intercalating spacer layers [3] . Recently, the monolayer of FeSe grown on SrTiO 3 even shows a sign of T c over 100 K [4] . It undergoes only the structural transition from tetragonal to orthorhombic at T s ∼87 K without long-range magnetic order at any temperature [5] . Such unique features make FeSe an ideal material to study the nematic state, which is often referred as the origin of structural transition and could be related directly to high-temperature SC [6] . The Fermi energy (E F ) of FeSe is found to be extremely small and comparable to the superconducting energy gap (∆), indicating that superconductivity in FeSe is realized in the crossover regime from BardeenCooper-Schrieffer (BCS) to Bose-Einstein-condensation (BEC) [7] .
The superconducting gap structure is crucial to the understanding of these intriguing properties and the unexpected high T c in FeSe system. Kasahara et al. [7] reported nodes in the gap structure of FeSe bulk single crystal based on the V-shaped spectrum observed in scanning tunneling spectroscopy, a nearly linearly temperature dependent penetration depth at low temperatures, and a large residual thermal conductivity. However, the nodeless gap structure in bulk FeSe was supported by the low-temperature specific heat [8, 9] , lower critical field [10] , and thermal conductivity measurements reported by other groups [11, 12] . Despite the controversy on the gap structure, there are few studies on bulk FeSe to distinguish the inter-band sign-reversed s ± state (SC mediated by antiferromagnetic spin fluctuations between different bands with oppsite sign) [13] and the sign-preserving s ++ state (SC mediated by orbital fluctuations between different bands with the same sign) [14] . Actually, distinguishing between the s ± and s ++ states in iron-based superconductors (IBSs) is always a challenging task since a phase-sensitive probe is necessary. It is even more difficult in the case of FeSe because of the interference from the possible existence of gap nodes.
The nonmagnetic disorder induced by light-particle irradiations, like the electron and H + have been proved to be an effective method to identify the gap structures of superconductors [15] . Based on the Anderson's theorem, T c of the conventional BCS superconductor with an isotropic gap is robust against nonmagnetic impurities [16] . In the case of superconductors with symmetry protected nodes such as d-wave, fast and continuous suppression of T c is expected, which has already been proved by experiments in YBa 2 Cu 3 O 7−δ [15, 17] . By contrast, in the case of SC with symmetry-unprotected nodes, such as the nodal s-wave, the nodes can be lifted by certain amount of scattering centers, which means that the symmetry unprotected nodal s-wave can be tuned into nodeless s-wave by the introduction of scattering centers [18, 19] . Even the s ± and s ++ states can be distinguished by the nonmagnetic impurity effect based on the difference in the T c suppression rate [18, 20, 21] . Thus, the nonmagnetic disorder effect can be a unique and promising way to probe the pairing mechanism of FeSe.
In this Rapid Communication, we report on the effects of nonmagnetic scatterings in a clean FeSe single crystal produced by H + -irradiation combined with lowtemperature specific heat measurements. The results suggest that the SC in a clean FeSe is s ++ state with symmetry-unprotected nodes or gap minima.
High-quality FeSe single crystals were grown by the vapor transport method. Details of the crystal growth and sample quality have been reported in our previous publications [22, 23] . Single crystals used for the irradiation experiments were cleaved to thin plates with thickness ∼25 µm along the c-axis, which is much smaller than the projected range of 3-MeV H + for FeSe of ∼50 µm [24]. The crystal was loaded onto a sapphire plate with small amount of Apiezon grease, and cooled down by a closed-cycle refrigerator at the terminal of the irradiation port. There is no strain effects during the experiments as shown in Supplementary Fig. S1 [25]. The 3-MeV H + was irradiated parallel to the c-axis of the crystal at 50 K avoiding the effect of thermal annealing. Resistivity measurements were performed in situ immediately after each irradiation by a standard four-probe method. Thus, the crystal was not exposed to air or temperatures higher than 50 K, which avoided the possible annealing effect as explained in Supplementary Fig. S2 [25] . Furthermore, there is no sample-dependent influence since all the transport measurements were done on the same piece of single crystal. The H + -irradiation was performed at Heavy Ion Medical Accelerator in Chiba (HIMAC) in National Institute of Radiological Sciences (NIRS). Structure of the crystal was characterized by means of X-ray diffraction (XRD) with Cu-Kα radiation. Magnetization measurements were performed using a commercial SQUID magnetometer (MPMS-XL5). Specific heat data were obtained using the Physical Property Measurement System (PPMS, Quantum Design) with 3 He refrigerator.
Inset of Fig. 1(a) shows the temperature dependence of magnetic susceptibility χ for the pristine FeSe single crystal, which displays T c ∼ 9.0 K with a sharp transition width. The main panel of Fig. 1(a) shows the specific heat of FeSe divided by temperature C/T as a function of T 2 under 0 and 9 T. A clear jump associated with superconducting transition is observed around 9 K under zero field, which is consistent with susceptibility measurement. The normal state specific heat can be fitted by the sum of electronic part and phononic part:
The fitting result was shown as the solid line in Fig. 1(a) giving γ n = 6.86 mJ/mol·K 2 , β 3 = 0.37 mJ/mol·K 4 , β 5 = 0.001 mJ/mol·K 6 , and β 7 = -5.72 × 10 −6 mJ/mol·K 8 . The normalized specific heat jump at T c , ∆C/γ n T c is estimated to be 1.62, which is larger than the weak-coupling value 1.43 of BCS theory, implying that the superconductivity in FeSe is in the strong-coupling. Zero-field electronic specific heat C e /T obtained from subtracting the phonon terms, is shown in Fig. 1(b) . Other than the specific heat jump at T c , a second drop at around 1.2 K is also observed. This is a typical behavior of a two-gap superconductor such as MgB 2 [26] , suggesting that FeSe is not a single-gap superconductor.
To get more information about the gap structure, the zero-field electronic specific heat is fitted by the following formula based on the BCS theory,
where N (0) is the density of states at the Fermi surface, β = 1/k B T , and E = √ ε 2 + ∆ 2 . The order parameters used to fit the data are ∆ = γ 1 ∆ L + γ 2 ∆ S for two isotropic s-wave (s + s), ∆ = γ 1 ∆ s + γ 2 ∆ ns cos 2φ for an isotropic s-wave plus a nodal s-wave with two line nodes (s + ns), and ∆ = γ 1 ∆ s + γ 2 ∆ e (1 + α cos 2φ) for an isotropic s-wave plus an extended s-wave (with gap minima, α denotes the gap anisotropy) (s + es). The enlarged low-temperature part shown in the inset of Fig. 1(b) manifests that the s + nodal s-wave and s + extended s-wave can fit the data better than the s + s-wave, which indicates the existence of nodes or gap minima in FeSe. Fig. 1(c) shows the single crystal XRD pattern measured at room temperature for the crystal before and after irradiating H + up to 5×10 16 ions/cm 2 . After the irradiation, the positions of (00l) peaks are almost the same as the pristine one, which can be seen more clearly in the enlarged part of (004) peaks shown in the inset of Fig. 1(c) . Evidently, no obvious broadening of the XRD peaks can be observed after the irradiation. The split of the peaks are coming from the K α1 and K α2 lines of the Cu. To obtain the lattice constant a/b, we fix the 2θ (angle between incident light and scattered light) to the higher (00l) peaks, like (003) or (004), then scan the incident angle θ to let the (103) or (104) peaks meet the Ewald Sphere of the reciprocal space. The lattice constants are estimated as c = (5.524±0.002)Å, a = (3.777±0.002)Å for the pristine, and c = (5.524±0.002) A, a = (3.774±0.002)Å for the irradiated crystals. We also confirm that temperature dependencies of Hall coefficients for the pristine and irradiated crystals are almost identical except for temperatures below 20 K as shown in Supplementary Fig. S3 [25]. If we ignore possible annealing effects during the XRD and Hall coefficient measurements, we can conclude that the H + -irradiation has little effects on both crystal and electronic band structures. Fig. 2(a) shows the temperature dependence of resistivity for FeSe irradiated with increasing amount of H + . The ρ-T curves in the normal state show a parallel shift upon increasing the irradiation dose without obvious upturn at low temperatures, and the superconducting transition width shows no significant broadening. These facts indicate that the introduced point defects are nonmagnetic with no trace of localization effects. The residual resistivity ρ 0 was obtained by linearly extrapolating ρ-T curves in the normal state above T c to T = 0 K as shown by the dashed lines in Fig. 2(a) . The value of ρ 0 for the pristine crystal is ∼ 1 µΩ cm, which again confirms the very high quality of the crystal used in this study.
The evolution of the difference of the residual resistivity between the irradiated and pristine ones, namely, ∆ρ 0 = ρ irr 0 -ρ unirr 0 with the dose of irradiated H + are shown in the Fig. 2(b) . An almost linear increase in ∆ρ 0 is evident, which guarantees that the H + -irradiation introduces defects systematically. On the other hand, the value of T c is obviously suppressed after the irradiation. To avoid the possible ambiguity from the criteria of T c , we obtained both T Fig. 2(b) . The values of T c are quickly suppressed in the small dose region, while maintaining almost dose-independent behavior when irradiated over 5×10 15 ions/cm 2 . Such behavior is quite different from those observed in iron pnictides, in which the T c is linearly suppressed with increasing the dose of irradiated particles although the suppression rate is sample dependent [19, 21, 27, 28] .
For quantitative discussion on the pair-breaking effects by non-magnetic scatterings, we plot T c and T c /T c0 (in- , and the difference of the residual resistivity before and after irradiation (∆ρ0).
set) as a function of ∆ρ 0 in Fig. 3(a) . Obviously, the evolution of T c with ∆ρ 0 manifests a two-step behavior. ∆ρ * 0 defined as the crossover value of ∆ρ 0 separating the two regions, is ∼4.5 µΩcm as pointed out by the arrow. For ∆ρ 0 < ∆ρ * 0 , T c is gradually suppressed with increasing ∆ρ 0 at a slope of ∼100 K/mΩcm. On the other hand, for ∆ρ 0 > ∆ρ * 0 , T c is almost independent of ∆ρ 0 with a negligible suppression of T c less than 1% over 100 µΩcm.
In the case of conventional BCS superconductors, it has been well established that the nonmagnetic impurities have no influence to the superconducting gap or the T c due to Anderson's theorem [16] . By contrast, in superconductors with sign-reversed order parameter as in the case of s ± -wave with inter-band scattering, and symmetry-protected nodes such as the d-wave, an appreciable suppression of T c is observed. However, in both cases of s ± and symmetry-protected nodes, T c will continuously decrease with increasing ∆ρ 0 as proposed by theoretical calculation and already confirmed in cuprates and iron pnictides [15, 17-21, 27, 28] . It is obviously different from the observation here in FeSe that the suppression only exists in the narrow region of ∆ρ 0 < ∆ρ * 0 , and the value of T c is only suppressed by ∼0.5 K.
Based on the low-temperature specific heat results above, the nodes or gap minima are present in the pristine FeSe. It should be noted that even if nodes exist, they are not symmetry protected as proposed by the theoretical calculation [29] since they are absent in crystals with low quality [11] . When the nodal positions are not symmetry protected, as in the case of nodal s-wave, the accidental nodes can be lifted and the low-energy quasiparticle excitations are eliminated at a certain concentration of nonmagnetic scatterings [18, 19] . The theoretical calculation of the disorder effect based on a simple two-band model (FeSe is reported containing one holetyped and one or two electron-typed bands at temperatures below T s [30] .) shows that the density of states at the Fermi-level for the accidental nodes in s-wave are reduced to zero when the ∆ρ 0 is only ∼4 µΩ cm [18] . Although the calculation is performed on iron-pnictides, the lifting of the accidental nodes by a small value of ∆ρ 0 is confirmed, and the value of ∆ρ * 0 is found independent of the ratio of inter-band to intra-band scattering. Another explanation of the initial fast T c suppression is the averaging effect of highly anisotropic gap by disorder, which increases the gap minima, and reduces the anisotropy. The gap minima emerge when the nodes are lifted but the anisotropy is not averaged [12] , which will be discussed in detail later.
After the nodes or the gap minima are totally lifted or averaged by the introduced scatterings, the wave function of the fully-gapped state in IBSs has two possibilities: the sign-reversed s ± state [13] and the signpreserved s ++ state [14] , and both cases can be either isotropic or anisotropic. In the case of s ± state, the T c will be continuously suppressed with further introduction of scatterings in spite of the anisotropy, unless the inter-band scattering is absent, although the T c suppression rate depends on the ratio of inter-band to intra-band scatterings [18] . In practice, the interband scattering has already been found to be crucial in the IBSs. Thus, for the IBSs with s ± state, the T c will be sensitive to the non-magnetic scatterings rather than scattering-independent as experimentally observed in BaFe 2 (As 1−x P x ) 2 [19] . Obviously, the nodal s ± state is not compatible with the scattering-independent second step observed in FeSe. The anisotropic s ++ state can be also excluded since the value of T c will be continually suppressed by increasing the scattering centers because of the inter-band scattering. The only possible scenario is the isotropic sign-preserved s ++ state, in which the T c is almost unaffected by the scattering centers as proposed by the theoretical calculations [18, 20] . Thus, the observed scattering-independent second step in FeSe is attributed to the isotropic s ++ state.
To clearly show the change in the gap function with scattering centers, evolution of the order parameter ∆ versus azimuthal angle φ is schematically shown in Figs.  3(b)-(d) . Here, we only consider a simple two-band situation, where one is fully gapped, while the other has nodes or gap minima. As the density of scattering centers increases, the gap structure of FeSe changes from (b) nodal or (c) anisotropic nodeless with gap minima to (d) isotropic nodeless s ++ state. For both the nodal and anisotropic cases, the T c will be suppressed with increasing scattering centers. Furthermore, since the suppression of T c only exists in a very small region, and the value of T c is only suppressed ∼0.5 K, the nodes or gap minima should be very narrow and easily lifted as shown in Figs. 3(b) and (c) . Otherwise, the anisotropy in the gap cannot be smeared with the scattering that fast. In the present experiment, we cannot directly distinguish the nodal gap (Fig. 3(b) ) from deep minima in anisotropic nodeless gap (Fig. 3(c) ). Comparing the sample quality to that with nodes reported in Ref [7] , the single crystal used in the present experiment manifests slightly better quality (judging from the sharper SC transition in susceptibility, and smaller residual resistivity). Hence, SC in our pristine crystal may be in nodal state as shown in Fig. 3(b) . The SC in a pure FeSe may be symmetryunprotected nodal state, and the nodes are very sensitive to the disorder, which can be easily tuned into anisotropic nodeless, and finally to isotropic nodeless s ++ state by small amount of disorder. The reported controversy in the gap structure of bulk FeSe can be explained by the difference in sample quality, i.e. the amount of scattering centers formed in crystal growth.
The sign-preserved s ++ state is also proposed for the single layered FeSe on SrTiO 3 [31] , which is consistent with our observation in the bulk FeSe. Recently, an unexpected enhancement of T c about 0.4 K in FeSe after electron irradiation was reported by Teknowijoyo et al. [32] , and explained by the local strengthening of the pairing interaction by irradiation-induced Frenkel pairs (between vacancies and interstitials). Compared to the electron, H + has similar particle energy but much larger mass, which will expel the irradiated points much far away from the crystal rather than into the interstitial sites [19] . Hence, the Frenkel pairs are not the main defects in our H + -irradiation experiment. The H + -irradiation usually introduces point-like defects, while randomly distributed small clusters may be present when the irradiated dose is increased over a certain value [33] . More details about the defects are discussed in Supplementary S4 [25] . Since the crystals in Ref. [32] have been exposed to higher temperatures after irradiation, the density of twin boundaries and domains is supposed to be changed when the crystal was cooled again crossing the T s because more defects are present. The twin boundaries and the domains are found to affect the gap value and structure of FeSe [34] , which may be another explanation of the enhancement of T c . Actually, the enhanced value of T c after electron irradiation in Ref. [32] is just similar to that of our pristine crystal.
In summary, we studied the gap structure of FeSe via low-temperature specific heat and the pair-breaking effect. The multi-gap structure with nodes or gap minima is suggested by the specific heat results. The suppression of T c with increasing the scattering manifests obvious two-step behavior, which indicates that SC in a clean FeSe is s ++ state with symmetry-unprotected nodes or gap minima. The gap function of FeSe can be quickly tuned by a small amount of scattering centers, and evolves from nodal to anisotropic nodeless, and finally to isotropic nodeless s ++ state.
Note added.−We notice a report of the s ± pairing in FeSe by the Bogoliubov quasiparticle interference imaging measurements was published recently [35] .
